Collective neutrino flavor transformations deep inside a supernova are sensitive to the neutrino mass hierarchy even at extremely small values of θ13. Exploiting this effect, we show that comparison of the antineutrino signals from a galactic supernova in two megaton class water Cherenkov detectors, one of which is shadowed by the Earth, will enable us to distinguish between the hierarchies if sin 2 θ13 < ∼ 10 −5 , where long baseline neutrino experiments would be ineffectual.
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After many years of experiments on atmospheric, solar and terrestrial neutrinos, our knowledge of neutrino masses and mixing has grown by leaps and bounds [1, 2, 3, 4] . The data is now described satisfactorily in the 3-neutrino oscillation framework defined by two mass squared differences ∆m The primary goals of next generation neutrino experiments include the measurement of the leptonic mixing angle θ 13 , and the determination of the neutrino mass hierarchy. The present and near-future long baseline and reactor experiments are expected to probe θ 13 down to sin 2 θ 13 < ∼ 10 −2 − 10 −3 (see, e.g., [5] ). Over the next decade, if a neutrino factory or a superbeam facility is built, the reach could get extended to sin 2 θ 13 < ∼ 10 −4 −10 −5 [5, 6] . Several studies have been performed to ascertain the optimal strategy for determining the neutrino mass hierarchy if θ 13 is large enough to be measured at the upcoming experiments (see, e.g., [7, 8, 9, 10] ). However, if θ 13 is small, then the determination of the mass hierarchy becomes very challenging even with nextto-next generation neutrino factory experiments [11, 12] .
In this Letter, we propose a new astrophysical method for determining the neutrino mass hierarchy, which works for extremely small values of θ 13 where the standard oscillation experiments fail. This method makes use of the Earth matter effects on the neutrino signal from a galactic supernova (SN).
Mikheyev-Smirnov-Wolfenstein (MSW) flavor conversions [13, 14] in a SN envelope are known to mix the primary neutrino fluxes. This mixing is crucially dependent on θ 13 and the neutrino mass hierarchy. In addition to flavor conversions in the star, neutrinos arriving from a SN can undergo oscillations inside the Earth before being observed at a shadowed detector [15, 16, 17] . These Earth effects associated with supernova neutrinos have been studied extensively as a powerful tool to probe neutrino mass hierarchy for sin 2 θ 13 > ∼ 10 −3 [18, 19, 20, 21] . For sin 2 θ 13 < ∼ 10 −5 , the traditional analysis of neutrino flavor conversions in SN, where only MSW transitions were taken into account, predicts no hierarchy dependence of SN neutrino spectra arriving at the Earth [22] . Therefore, observation of the Earth matter effect cannot determine the neutrino mass hierarchy in that case. This picture is profoundly modified when one considers the new emerging paradigm of collective effects on supernova neutrino flavor conversions.
Recently, it was pointed out [23, 24, 25 ] that large neutrino density near the neutrinosphere results in significant coherent neutrino-neutrino forward scattering, which gives rise to collective neutrino flavor oscillations inside the SN. Three-flavor analysis of collective effects has now been carried out [26] , which allows us to characterize collective oscillation effects and to write down the flavor spectra of neutrinos and antineutrinos arriving at the Earth. Following [26] , we work in the modified flavor basis (ν e , ν x , ν y ), defined such that (ν e , ν x , ν y ) = R † 23 (θ 23 )(ν e , ν µ , ν τ ), where R 23 is the 2-3 rotation matrix. As a result of these collective oscillations, there are collective pair conversions ν eνe ↔ ν yνy within the first O(100) km [24] .
The manifestation of these flavor transformations depends on the primary spectra of neutrinos. In typical supernova models one finds a hierarchy of number fluxes [27, 28] . Even if it is not obvious that this hierarchy is maintained also at late times, in the following we will assume it as our benchmark. This scenario has been extensively studied analytically as well as numerically, and gives straightforward predictions for neutrino flavor conversions. In the normal hierarchy the spectra remain unaffected by collective oscillations. In the inverted hierarchy, for any non-zero value of θ 13 such that the adiabatic solution in [29] is valid, the end of collective oscillations is marked by a complete exchange of the e and y flavor spectra forν. The ν spectra also get swapped, however only above a characteristic energy, giving rise to a split in the spectrum [29, 30] . This solution is valid for extremely small θ 13 , as long as bipolar oscillations develop sufficiently [31] and the evolution is adiabatic. We have checked that the adiabatic solution remains valid at values of θ 13 that are as low as 10 −10 , for typical SN neutrino density profiles. As a consequence, neutrino fluxes which are further processed by MSW matter effects are significantly different for the two hierarchies, even for extremely small θ 13 values. This sensitivity presents a novel possibility to determine the mass hierarchy at small θ 13 . We must remark that qualitatively different primary neutrino spectra and/or yet undiscovered flavor effects may yield different predictions for flavor conversion and the analysis will have to be repeated appropriately.
Here we concentrate on theν e spectra observable through inverse beta decay reactionsν e + p → n + e + at water Cherenkov detectors. In inverted hierarchy, MSW matter effects in SN envelope are characterized in terms of the level-crossing probability P H [15, 32] of antineutrinos, which is in general a function of the neutrino energy and θ 13 . In the following, we consider two extreme limits, P H ≃ 0 when sin 2 θ 13 > ∼ 10
("large"), and P H ≃ 1 when sin 2 θ 13 < ∼ 10 −5 ("small"). While propagating through the Earth, theν e andν x spectra partially mix. The neutrino fluxes F ν at the Earth surface for normal hierarchy, as well as for inverted hierarchy with large θ 13 , are given in terms of the the primary fluxes F 0 ν by
For inverted hierarchy with small θ 13 , we have
Earth effect can be taken into account by just mapping cos 2 θ 12 → P (ν 1 →ν e ) and sin 2 θ 12 → 1 − P (ν 1 →ν e ), where P (ν 1 →ν e ) is the probability that a state entering the Earth as mass eigenstateν 1 is detected asν e at the detector.
From Eqs. (1) and (2), one expects to observe Earth matter effect in normal hierarchy independently of θ 13 , while in inverted hierarchy it is expected only at large θ 13 . For small θ 13 and inverted hierarchy, theν e spectrum arriving at the Earth is identical to theν x spectrum arriving at the Earth, so any oscillation effect among them is unobservable. This implies that if next generation neutrino experiments bound θ 13 to be small, from the (non)observation of Earth matter effect we could identify the neutrino mass hierarchy.
A strategy to observe Earth matter signatures in neutrino oscillations is to compare the signal at two detectors. The difference between theν e flux F D e at a shadowed detector and theν e flux Fē at a detector that is not shadowed by the Earth can be written as
for normal hierarchy as well as for inverted hierarchy with large θ 13 . Here f reg = P (ν 1 →ν e ) − cos 2 θ 12 is the Earth regeneration factor. In inverted hierarchy for small θ 13 , we get ∆F = 0. If theν trajectories cross only the Earth mantle, characterized by an approximately constant density, f reg is simply given by [16] 
The flavor dependent primary neutrino spectra ϕ ν (E) can be conveniently parametrized as [27] ϕ ν (E) = (α + 1)
where Γ is the Euler Gamma function, E ν is the average energy for the different neutrino species, and α is the spectral pinching parameter. The neutrino flux at the neutrinosphere can then be estimated to be
where L ν is the luminosity in the ν flavor. All SN models robustly predict Eē < Ex ≈ Eȳ , as well as αē ≈ αx ≈ αȳ. This implies that the sign of (F 0 e − F 0 x ) is positive at low energies (before the crossing of theν e and ν x spectra) and negative at higher energies.
The net result is that when we compare the antineutrino fluxes between a shadowed and an unshadowed detector, we will have ∆F > 0 at low energies and ∆F < 0 at high energies in the case of normal mass hierarchy, or in inverted mass hierarchy with large θ 13 . In inverted hierarchy with small θ 13 , one expects a ∆F compatible with zero.
To illustrate the above, we consider a galactic supernova explosion at a distance of 10 kpc, with luminosities Lx = Lȳ = 0.8Lē and total emitted energy E B = 3 × 10 53 erg. We also choose E ē = 15 MeV, E x = E ȳ = 18 MeV, and α = 3, inspired by the results of the Garching simulations [27, 33] . We analyze the detection of the above signal using two large water Cherenkov detectors A and B of fiducial mass 0.4 megaton each, as proposed for upcoming experiments [34, 35, 36] . We compare the number of events in detector A, where neutrinos arrive after traversing L = 8000 km in Earth mantle with an approximately constant density ρ = 4.5 g/cm 3 , with another detector B for which the supernova is not shadowed by the Earth (L = 0). The reference values for features of the detectors, e.g., energy resolution and interaction cross sections, are the same as in [37] . We choose ∆m We define
as the difference between the number ofν e events at the shadowed detector and the unshadowed detector, normalized to the number of events at the unshadowed detector. In Figure 1 , we plot the ratio R as a function of the measured positron energy E pos forν e in normal hierarchy (left panel) and inverted hierarchy (right panel) for sin 2 θ 13 < ∼ 10 −5 . The error bars show the statistical error in R. In the other extreme case of sin 2 θ 13 > ∼ 10 −3 , both the normal and inverted hierarchy would correspond to the left panel.
Let us consider the scenario where θ 13 is known to be small. From the figure, in normal hierarchy the ratio R is positive for E pos < ∼ 25 MeV and negative at higher energy. The low energy spectrum is dominated by statistical error, but for E pos > ∼ 30 MeV the depletion of the signal with respect to the unshadowed detector is clearly visible, with |R| > ∼ 5%. On the other hand, in inverted hierarchy we find R = 0. The difference in the predictions of two hierarchies is significant and should be observable. Primary spectra taken from Livermore simulations [28] , which predict a larger difference betweenν e andν x average energies, would show a more pronounced Earth effect. We emphasize that our method is based on a model independent signature which does not rely on fitting or extracting any parameters.
The comparison of the neutrino signal in two detectors is also possible using only a single megaton class water Cherenkov detector together with the km 3 ice Cherenkov detector IceCube at the South Pole [38] . Even though IceCube cannot reconstruct the neutrino spectrum at SN energies, the ratio of luminosities at these two detectors can be determined rather accurately, which will show about 5% time variation if Earth effect is indeed present [18] . Moreover, if a large scintillator detector [34] is built, its superior energy resolution would allow the observation of the modulations induced by the earth effect in the spectrum, without the need to compare the signal with another unshadowed detector [19] .
The swap of theν spectra due to collective effects does not depend on the exact neutrino density profile as long as the propagation is adiabatic [29] , whose validity we have checked for typical SN profiles and θ 13 as low as 10 −10 . Decoherence effects are highly suppressed due to the ν e -ν e flux asymmetry [39] , and other multiangle effects also do not affect the net antineutrino conversions substantially [25] .
Moreover, with an extremely small θ 13 , the detailed matter density profile near the H resonance is immaterial, and the effects of density fluctuations or turbulence may safely be ignored. Therefore, one can make the following statements: (i) Observation of Earth matter effects cannot be explained in inverted hierarchy (ii) Nonobservation of Earth matter effects cannot be explained in normal hierarchy (unless the primary fluxes are almost identical). Our proposed method is thus quite robust, and would be able to identify the mass hiererchy. It is not only competitive with the long baseline strategy proposed in [11] , but also offers an independent astrophysical resolution to the hierarchy determination problem.
If θ 13 is known to be large, the hierarchy can be determined through a number of other observables in the SN burst itself: signatures of SN shock-wave propagation in theν e signal [37, 40, 41] , the ν e signal during the neutronization burst [42] , or the direct, albeit extremely challenging, observation of the spectral split in ν e spectrum [31] at a large liquid Argon detector [43] . In fact the hierarchy may even be identified at the long baseline experiments. However in such a scenario, the Earth matter effects act as an evidence for collective flavor conversions, thus giving us confidence about our understanding of the processes happening in the core of the star.
To conclude, determination of the leptonic mixing angle θ 13 and the neutrino mass hierarchy represent two of the next frontiers of neutrino physics. In this Letter, we have proposed a new possibility for identifying the neutrino mass hierarchy that works for extremely small values of θ 13 , far beyond the sensitivity of current and future terrestrial neutrino experiments. The sensitivity of supernova neutrino oscillations to the mass hierarchy, for incredibly small values of θ 13 , is a consequence of the collective neutrino oscillations that take place near the supernova core. These effects interchange the initialν e andν y spectra in the inverted hierarchy, which are then further processed by MSW effects in the SN envelope. This spectral swap can be revealed by comparing the event rate at a shadowed detector with that at an unshadowed detector. If neutrino oscillation experiments fail to determine the mass hierarchy, then this proposed method could represent the last hope to resolve this issue, provided that large water Cherenkov detectors are available at the time of the next galactic SN explosion. This perspective should be considered when choosing optimal detector locations for upcoming large neutrino detectors [44] .
The observation of the Earth matter effects in the inverted hierarchy for large θ 13 also constitutes a smoking gun signature of collective oscillations in a SN, that arise from the as yet unprobed neutrino-neutrino interactions.
It is fascinating to realize that intriguing effects like collective neutrino oscillations, occurring in the deep regions of an exploding supernova, produce observable signatures at Earth and enable us to probe neutrino properties.
This confirms once again the extreme importance of supernovae as laboratories for fundamental neutrino physics.
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